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Heat shock, an environmental factor, induces heat shock factors (HSFs), which up-regulate stress response-related genes.
However, the link of heat shock to self-renewal of stem cells has not been elucidated yet. Here, we present the direct link of
heat shock to a core stem cell regulator, OCT4, in the self-renewal network through SAPK/JNK and HSF1 pathway. We first
showed that heat shock initiated differentiation of human embryonic stem cells (hESCs). Gene expression analysis revealed
that heat shock increased the expression of many genes involved in cellular processes related to differentiation of stem cells.
We then examined the effects of HSFs induced by heat shock on core self-renewal factors. Among HSFs, heat shock induced
mainly HSF1 in hESCs. The HSF1 repressed the expression of OCT4, leading to the differentiation of hESCs and the above
differentiation-related gene expression change. We further examined the effects of the upstream MAP (mitogen-activated
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1324 K. Byun et al.predominantly the repression of the OCT4 expression by HSF1. The direct link of heat shock to the core self-renewal regulator
through SAPK/JNK and HSF1 provides a fundamental basis for understanding the effect of heat and other stresses involving
activation of HSF1 on the self-renewal program and further controlling differentiation of hESCs in a broad spectrum of stem cell
applications using these stresses.
© 2013 Elsevier B.V. All rights reserved.Introduction
Self-renewal is an integrated proliferation control that
maintains undifferentiated states of stem cells. The integrated
control is achieved by multilayered regulatory networks in-
volving complex interplays among an array of cell-intrinsic
factors including transcription factors, miRNAs, and epigenetic
factors (He et al., 2009). Several transcription factors (TFs),
such as OCT4, SOX2, and NANOG, play critical roles to maintain
the proliferative undifferentiated state, and their ectopic
expression generates pluripotent cells from mouse and human
stem cells (Boyer et al., 2005; Loh et al., 2006). Also, cell-
extrinsic environmental factors, such as growth factors and
cytokines, affect the self-renewal program through their
interactions with the components in pluripotency signaling
and/or transcriptional networks (Boiani and Scholer, 2005).
Several intracellular signaling pathways, such as MAPK and
JAK/STAT pathways, are critical to maintain the self-renewal
program (Dreesen and Brivanlou, 2007; Hou et al., 2002; Raz et
al., 1999).
Heat shock is one of common environmental factors, which
activates heat shock factors (HSFs) inducing heat shock
proteins (HSPs) involved in stress responses. Human and
mouse embryonic stem cells exhibit higher stress tolerance
than differentiated cells (Prinsloo et al., 2009). Heat shock
proteins are constitutively expressed and appear to be required
for cellular development. For example, HSP90B knockout
mouse embryos failed to develop past E9/9.5 (Voss et al.,
2000). Heat shock proteins mediate folding events and also
intracellular signaling by controlling nuclear targeting and
delivery of signaling molecules, which can affect self-renewal
and pluripotency of stem cells (Dasgupta and Momand, 1997;
Davies et al., 2002; Galigniana et al., 2004). For example, in
mouse embryonic stem cells (mESCs), heat shock proteins
(HSP70 and HSP90) mediate dimerization and nuclear import of
STAT3 activated by LIF receptor, leading to up-regulation of
NANOG (Kretzschmar et al., 2004; Liu et al., 2005; Zhong et al.,
1994). However, how heat shock is linked to molecular
networks defining self-renewal of stem cells remains still
unknown. For instance, whether heat shock affects self-
renewal indirectly through HSP-dependent modulation of
signaling molecules, as described above, or could also directly
control core self-renewal regulators (e.g. OCT4, SOX2, or
NANOG) via HSFs is unclear.
Here, we investigated the effect of heat shock on self-
renewal in H9 hESCs. We first showed that the increase of the
culture temperature led to the exit of H9 hESCs from their
undifferentiated state. To elucidate mRNA expression changes
induced by heat shock, we performed gene expression analysis
of hESCs and heat shocked hESCs. The analysis of gene
expression data revealed that heat shock increased the
expression of many genes involved in cellular processes related
to differentiation of stem cells. Self-renewal networks in hESCs
are governed by pluripotency inducing TFs, OCT4, SOX2, andNANOG. To investigate the link of heat shock to the self-renewal
networks, we thus examined transcriptional control of the
expression of the key TFs by heat shock-induced HSFs. The data
showed that heat shocked hESCs induced mainly HSF1, which
repressed the expression of OCT4. The comparison of HSF1-
dependent and OCT4-dependent gene expression changes in
hESCs revealed that the heat shock-induced exit of hESCs from
their undifferentiated state could be caused by the negative
regulation of OCT4 by HSF1. Heat shock activates MAP kinases,
the upstream kinases of HSF1. Thus, we then examined the
effects of the MAP kinases on the repression of OCT4 expression
by HSF1. Among ERK1/2, SAPK/JNK, and p38 kinases activated
by heat shock, SAPK/JNK pathway controlled mainly the
repression of the OCT4 expression by HSF1. Taken together,
the results demonstrate a direct link of heat shock to the
self-renewal network by activating SAPK/JNK and HSF1 path-




hESCs were maintained in inactivated mouse embryonic fibro-
blast feeder (MEF) cells, seeded on gelatin-coated plates, in
Dulbecco's minimum essential medium/F12 medium (DMEM/
F12, Gibco) supplemented with 20% knockout serum replace-
ment (KOSR, Gibco), 0.1 mM 2-mercaptoethanol (Gibco), 1%
non-essential amino acids (NEAA, Invitrogen), 8 ng/ml bFGF
(Invitrogen), 50 U/ml penicillin, and 50 mg/ml streptomycin at
37 °C 5% CO2.
Heat shock treatment
We applied heat shock to hESCs in two different ways
depending on the analyses of hESCs after heat shock
treatment. First, to reduce the contamination of hESCs
with MEFs in gene expression profiling, real-time PCR, and
western blotting analyses, we used the separation method to
isolate MEF-free hESCs as described by Hu et al. (2009). We
collected hESC colonies, placed them on a new culture dish
with MEF-conditioned medium, and then incubated them at
37 °C and 5% CO2 for 1 h. During the incubation, hESC
masses contaminated with MEF attach on the bottom of
culture dish, whereas MEF free-hESC masses are suspended
in the medium. For heat shock treatment, we increased the
temperature of the 5% CO2 incubator containing the hESC
culture dish to 42 or 46 °C and maintained at the
temperature for 30 min, 1 h, and 2 h. After this heat shock
treatment, we selectively isolated MEF-free hESC masses
suspended in the medium to reduce the contamination of
hESCs with MEFs, and used the MEF-free hESCs for gene
expression profiling, real-time PCR, and western blotting
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grown on 8-well culture dish (Nunc) with a layer of MEF and
rinsed with hESC medium. For heat shock treatment, we
increased the temperature of the 5% CO2 incubator contain-
ing the hESC culture dish to 42 or 46 °C and maintained at
the temperature for 30 min, 1 h, and 2 h. We then used
human specific antibodies for immunostaining of heat
shock-treated hESCs.
Immunofluorescent analysis
Cells were grown on Lab-Tek II slide chambers (Nunc), rinsed
with PBS, fixed in methanol for 15 min, and rinsed again with
PBS. The fixed cells on slide chamberswere incubated overnight
at 4 °C with the following primary antibodies (Table S1). After
overnight incubation, the primary antibodies were washed with
PBS three times and the slides were incubated for 1 h at room
temperature with one of the following secondary antibodies:
Alexa Fluor 633 antimouse IgG (1:500, Invitrogen), Alexa Fluor
488 anti-rabbit IgG (1:500, Invitrogen), or Alexa Fluor 555
anti-goat IgG (1:500, Invitrogen). After washing the secondary
antibodies with PBS three times at 10-min intervals, coverslips
were mounted onto glass slides using the Vectashield mounting
medium (Vector Laboratories), and examined under a laser
confocal fluorescence microscope (LSM-710, Carl Zeiss).
Immunoblot analysis
Whole cell lysates were prepared with RIPA buffer con-
taining 4% CHAPS. Proteins from each group were separated
in 4–12% polyacrylamide gels (Life Technology) and trans-
ferred to nitrocellulose membranes. The primary antibodies
used were listed in Table S1.
Quantitative real-time- PCR (qRT-PCR)
RNA was isolated from six biological replicates from each
group using Qiagen RNeasy MiniKit (Qiagen), pooled, and
subjected to first-strand cDNA synthesis using Reverse
Transcription System (Promega) according to the manufac-
turer's protocol. qRT-PCR was performed using Rotor-Gene
6000 (Corbett Lifescience), threshold cycle number and
reaction efficiency were determined using Rotor-Gene 6000
series software (version 2.7), and the 22 DDCT method was
used for relative quantitation. Gene expression level was
analyzed with following primers (Table S2).
Gene expression profiling
We generated mRNA expression profiles of 1–2) H9 hESCs
before and after heat shock treatment and 3) H9 hESCs with
treatment of siHSF1 under the heat shock condition using the
Illumina microarray platform (Human HT-12 v3 BeadChip;
Illumina, San Diego, CA). In each condition, we performed
gene expression profiling of two biological replicates
obtained from independent cell cultures, according to the
manufacturer's instructions. Total RNA was extracted, and
the integrity of the total RNA was analyzed using an Agilent
2100 Bioanalyzer. RIN numbers for all the samples were
larger than 9. In vitro transcription was then performed togenerate cRNA, which was hybridized onto each array. The
array was scanned using a Bead Station (Illumina). The probe
intensities were normalized using quantile normalization
(Bolstad et al., 2003) in beadarray 1.6. The probes were
annotated using lumi 1.4, an R/Bioconductor package
(Dunning et al., 2007).
Identification of differentially expressed genes
To identify the genes affected by heat shock, we performed
an integrative statistical hypothesis test by combining
p-values from two independent tests, Student two-tailed
t-test and log2-median-difference test, as previously de-
scribed (Lee et al., 2010). Using the combined p-value from
the hypothesis test, we then selected differentially expressed
genes (DEGs) between control and heat shocked hESCs as the
genes with the combined p-value b0.01 and absolute
log2-fold-change N0.58 (i.e. fold-change N1.5 and b0.67 for
up- and down-regulated genes, respectively). Moreover, the
DEGs between control and siHSF1-treated hESCs were identi-
fied using the same statistical test. The DEGs were compared
with the DEGs by heat shock.
Identification of target genes of OCT4
To identify putative target genes of OCT4, we obtained gene
expression profiles (GSE34921) of H9 hESCs over eight time
points (0–7 days) after transducing shOCT4 (Wang et al., 2012)
from the GEO database. To identify the genes showing
differential expression over time, we applied non-negative
matrix factorization (NMF)-based method previously reported
(Kim et al., 2011). We first computed log2-fold-changes
between each time point (1–7 days) and controls (0 days) in
H9 shOCT4 datasets. We then applied NMF to the log2-fold-
changes, identified differential expression patterns, and
selected sets of the genes (P b 0.01) showing up- and
down-regulation expression patterns by OCT4 over time,
as previously described (Kim et al., 2011). In this analysis,
we used the patterns showing up-regulation or
down-regulation consistently at least in two consecutive
time points (Fig. S1). To remove potential false positives,
we selected only the genes that the maximum absolute
log2-fold-change is larger than 95th percentile of those at
all time points. Using this method, we finally identified 3899
(1864 up-regulated and 2035 down-regulated genes) poten-
tial targets of OCT4.
Functional enrichment analysis of GO biological
processes (GOBPs)
To identify cellular processes enriched by the DEGs identi-
fied above, we performed the enrichment analysis of GOBPs
using the Database for Annotation, Visualization and Inte-
grated Discovery (DAVID, ver 6.7) software (Huang et al.,
2009). The GOBPs significantly enriched by the DEGs were
selected as the ones with the default p-value cutoff
(p b 0.1) provided by the DAVID. For the enriched GOBPs
functionally redundant, we selected the most represen-
tative GOBPs with the largest numbers of genes assigned in
the redundant GOBPs. For these representative GOBPs, we
1326 K. Byun et al.converted their enrichment p-values into − log10(P) and then
showed them in Figs. 2B and 3D.
Co-immunoprecipitation
Whole cell lysates from hESCs before and after the treatment of
heat shock were prepared with RIPA buffer containing 1 M Tris
(pH 7.5), 5 M NaCl, 10% NP-40, 10% deoxycholate, and protease
inhibitor cocktail (Calbiochem). The experiment was repeated
three times.Whole cell lysates (0.5 mg protein) were incubated
with 1 mg of anti-RNA polymerase II for 4 h followed by
overnight incubation with protein G-agarose in 500 ml PBS
overnight at 4 °C. The agarose beads were precipitated by
centrifugation at 14,000 rpm for 5 min, andwashed three times
with 1 ml washing buffer containing 50 mM Tris–Cl and 500 mM
NaCl (pH 8.0). The immunoprecipitated proteins were resolved
on a 4–12% polyacrylamide gel (Invitrogen), and subjected to
immunoblot analysis with HSF1 antibody.
Chromatin immune precipitation (ChIP)
hESCs were fixed with fresh 1% formaldehyde and rinsed twice
with PBS and harvested, then flash frozen in liquid nitrogen and
stored at −80 °C prior to use. Cells were resuspended, lysed in
lysis buffers, and sonicated to solubilize and shear crosslinked
DNA. Samples were immersed in an ice bath to fragment into 1–
3 kb. The resulting whole cell extract was incubated overnight
at 4 °C with Protein G-sepharose beads that had been
pre-incubated with 10 mg of the appropriate antibody over-
night. Beads were washed with RIPA buffer and TE containing
50 mMNaCl. Immune complexes were eluted from the beads by
heating and crosslinking was reversed by overnight incubation
at 65 °C. Whole-cell extract DNA was also treated for crosslink
reversal. Immuno-precipitated DNA andwhole-cell extract DNA
were then purified by treatment with RNaseA, proteinase K,
and multiple phenol:chloroform:isoamyl alcohol extractions.
Purified DNA was blunted and amplified 1 kb in length with
following primer pairs of pluripotency gene promoters (Table
S3).
Statistical analysis
All results are expressed as the means ± SD. For comparisons
of qRT-PCR or western blotting data between two groups,
P-values were calculated using unpaired, two-tailed Stu-
dent's t-tests. The difference with P b 0.01 or P b 0.05 was
considered significant.
Results
Heat shock induces differentiation of hESCs
To examine the effect of heat shock on self-renewal, we
treated H9 hESCs with heat shock by culturing hESCs at 42
and 46 °C for 0.5, 1, and 2 h. The hESCs initiated their
differentiation after the treatment of heat shock (Fig. 1A).
The expression of SSEA4, a positive stem cell marker,
decreased upon heat shock. In contrast, the expression of
SSEA1, a negative stem cell marker, increased. Further-
more, BRY and PAX6 differentiation markers were increasedupon heat shock. We further examined whether heat shock
altered the expression of key pluripotency inducing TFs,
OCT4, SOX2, and NANOG (Figs. 1B and C). Upon heat shock,
mRNA and protein expressions of OCT4, SOX2, and NANOG
were decreased. The decreased expression of the key TFs in
heat shocked hESCs is similar to that observed during the
differentiation of hESCs into embryoid bodies (EBs). Heat
shock may cause the decrease in the quality and/or amount
of MEF or bFGF, which can induce the differentiation of
hESCs. Thus, we counted numbers of MEFs and measured
amounts of bFGF before and after heat shock treatment.
The results showed that there was no significant difference
in the number of MEFs (Fig. S2A) and the amount of bFGF
(Fig. S2B) before and after heat shock treatment. Moreover,
we treated heat shock to MEFs with the medium for 0.5, 1,
and 2 h at 46 °C and then plated hESCs on these MEFs.
Real-time PCR analysis of mRNA expression of OCT4, SOX2,
NANOG, and KLF4 in these hESCs 4 days after plating the
hESCs confirmed that the levels of these genes in the hESCs
plated on heat shock-treated MEFs were not significantly
different from those in control hESCs (Fig. S2C), indicating
that the quality of MEFs and bGFG was not changed after
heat shock treatment. Heat shock may also cause the death
of hESCs, which can decrease the mRNA expression of OCT,
SOX2, and NANOG. Thus, we assessed whether heat shock
induced apoptosis of hESCs by an apoptosis assay. The result
shows that heat shock induced no significant level of
apoptosis (Fig. S3). These data showed that the differenti-
ation of hESCs involving the decrease in the expression of
OCT4, SOX2, and NANOG was caused mainly by heat shock,
not by potential artifacts including the decrease of MEFs or
bFGF, as well as apoptosis of hESCs.Heat shock induces changes of differentiation-related
genes in expression
We showed above that heat shock altered the expression of
pluripotency inducing TFs, OCT4, SOX2, and NANOG. To
systematically explore other genes altered in expression by
heat shock, we performed gene expression profiling of hESCs
before and after the treatment of heat shock. From the gene
expression data, we identified 822 differentially expressed
genes (DEGs), which comprise 473 up-regulated and 349
down-regulated genes, by heat shock using an integrative
statistical testing method previously reported (Lee et al.,
2010) (Fig. 2A; Table S4).We then examined cellular processes
in which these genes are mainly involved by performing
the enrichment analysis of GO biological processes for the
473 up-regulated and 349 down-regulated genes using
DAVID software (Huang et al., 2009). The results showed
that the up-regulated genes are mainly involved in many
differentiation-related processes (e.g. cell maturation, em-
bryonic morphogenesis, and neurogenesis, mesenchyme, eye,
vessel, gland, and skeletal system developments) (Fig. 2B;
Table S5). Also, the down-regulated genes are mainly involved
in metabolic and mitochondrial processes (acyglycerol
metabolic process, mitochondrion organization, and ATP
synthesis). These data indicate that the genes related to the
differentiation of stem cells are induced by heat shock.
Among the DEGs, we selected the top ten up-regulated
Figure 1 Heat shock induces differentiation of hESCs. A. Cells stained with anti-SSEA1, SSEA4, AFP, BRY, and PAX6 (green) and DAPI
for nuclear marker (blue) in hESCs before (con) and after the treatment of heat shock (HS) for 2 h at 46 °C. The levels were measured
using double confocal microscopic image analyses. Scale bar, 50 μm. B. The amounts of OCT4, SOX2, and NANOG proteins in hESCs
before (con) or after the treatment of heat shock for 0.5, 1 and 2 h at 42 or 46 °C, as well as in embryoid body 7 day (EB7d) and
embryoid body 14 day (EB14d). The amounts were measured from whole cell lysates (15 μg protein/lane) using immunoblot analysis.
β-Actin was used as an internal control for equal protein loading in each lane. C. mRNA levels of OCT4, SOX2 and NANOG in hESCs
before (con) or after the treatment of heat shock for 0.5, 1 and 2 h at 42 or 46 °C and in EB7d and EB14d. The levels were measured
using real-time PCR. Mean ± the standard error of the mean (SEM). *, P b 0.05; **, P b 0.01.
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real-time PCR (Fig. 2C).HSF1 governs the heat shock-induced gene expression
changes
Heat shock induces heat shock factors (HSFs), HSF1, HSF2, and
HSF4, which then transcriptionally induce heat shock proteins
involved in stress responses. To identify major HSFs that govern
the gene expression changes induced by heat shock (Fig. 1C),
we measured the amounts of HSF1, HSF2, and HSF4 in heat
shocked hESCs. Upon heat shock, HSF1 significantly (P b 0.01)
increased, but HSF4 only slightly increased (Fig. 3A). On the
contrary, HSF2 was rarely expressed in hESCs regardless of heatshock. We then examined whether the heat shock-induced
expression changes of HSFs are similar to those observed during
the differentiation of hESCs into EBs (Fig. 3B). The amount of
HSF1 increased during the EB formation, as it was increased by
heat shock. In contrast, the amounts of HSF2 and HSF4 also
increased during the EB formation, which was different from
the change by heat shock.
We then investigated how significantly HSF1 governs the
gene expression change induced by heat shock. To this end,
we performed gene expression profiling of hESCs treated
with siRNA targeting HSF1 (siHSF1) under the heat shock
condition and then identified 1080 differentially expressed
genes (DEGs; 580 up-regulated and 500 down-regulated
genes) between hESCs with and without the treatment of
siHSF1 (Table S6). To systematically explore these genes in
Figure 2 Heat shock induces differentiation-related gene expression changes. A. A heat map showing up- and down-regulation for the 473
up-regulated and 349 down-regulated genes after heat shock. Red and blue, up- and down-regulation in heat shocked hESCs, respectively,
compared to control hESCs. Color bar, gradient of log2-fold-changes. B. A heat map showing the significance that the GOBPs are enriched by
the up- and down-regulated genes. Color bar, the gradient of the enrichment significance by −log10(P) in which P represents the P-value
obtained from DAVID. We used different colors for the GOBPs enriched by the up-regulated (HS up) and down-regulated (HS down) genes. C.
Real-time PCR data confirming differential expression of the ten selected up-regulated genes. *, P b 0.05; **, P b 0.01.
1328 K. Byun et al.association with the effect of heat shock on hESCs, we
categorized the two sets of 1) 1080 DEGs by siHSF1 and 2) 822
genes (473 up- and 349 down-regulated) affected by heat
shock into six clusters (C1 to C6 in Fig. 3C; Table S7). C1 and
C4 comprise 398 up-regulated and 288 down-regulated genes
by heat shock, but restored by siHSF1, implying that these
genes are induced and repressed by HSF1, respectively,
under the heat shock condition. C2 and C5 include 490
up-regulated and 415 down-regulated genes only by siHSF1,
but not affected by heat shock, thus representing the artifact
of siHSF1 that have nothing to do with heat shock. Finally, C3
and C6 represent 75 up-regulated and 61 down-regulated
genes by both siHSF1 and heat shock, implying that these
genes were changed by heat shock, but independently of
HSF1. Interestingly, C1 and C4 regulated by HSF1 under the
heat shock condition include significantly larger numbers of
genes than C3 and C6 independently regulated by HSF1.
These data indicate that a majority of the genes affected by
heat shock (686/822 = 83%) are directly or indirectly regu-
lated by HSF1. Among the DEGs by siHSF1, we selected the
top ten up-regulated genes and then confirmed their
differential expression using real-time PCR (Fig. S4).
To examine what cellular processes activated by heat shock
are regulated by HSF1, we performed the enrichment analysisof GOBPs using the genes in the six clusters (Fig. S5; Table S8).
We focused on cellular processes (GOBPs) enriched by the genes
in C1 and C4 that include a majority of the heat shock-affected
genes that are regulated by HSF1 under the heat shock
condition (Fig. 3D). The cellular processes represented by the
genes in C1 include many of the differentiation-related
processes enriched by the 473 genes up-regulated by heat
shock (GOBPs denoted by the asterisk in Figs. 3D and 2B; Table
S8), as well as other differentiation-related processes (embry-
onic organ development, immune and skeletal system develop-
ments, and chordate embryonic development). All the above
data together collectively indicate that HSF1 mainly governs
the differentiation-related cellular processes activated by heat
shock.HSF1 negatively regulates the expression of OCT4
The above data showed that HSF1 mainly regulates the gene
expression changes by heat shock (Figs. 3C and D), and the
expression levels of the key pluripotency inducing TFs
(OCT4, SOX2, and NANOG) were decreased by heat shock
(Figs. 1B and C). In mouse ESCs, heat shock proteins (Hsp70
and Hsp90) mediate dimerization and nuclear import of
1329Heat shock instructs hESCs to exit from the self-enewal program through negative regulationSTAT3 activated by LIF receptor, leading to up-regulation of
NANOG (Kretzschmar et al., 2004; Liu et al., 2005; Zhong et
al., 1994), implying that heat shock can control self-renewal
through HSP-dependent modulation of signaling molecules.
However, whether heat shock can regulate directly the
expression of the key TFs remains still unknown.
Thus, we examined the direct link between HSF1 and the
key TFs by performing Chromatin-Immunoprecipitation
(ChIP) assays using the HSF1 antibody. We found that HSF1
binds to the promoters of all the key TFs after the treatment
of heat shock (Fig. 4A). To assess the effect of the binding of
HSF1 on the promoters of the key TFs, we then measured the
mRNA and protein levels of the TFs after the treatment of
siHSF1 under the heat shock condition (Figs. 4B and C). The
mRNA expression of OCT4 and NANOG decreased after heat
shock was significantly (OCT4 P b 0.01, NANOG P b 0.05)
restored by siHSF1. In contrast, the mRNA expression of
SOX2 was not affected by siHSF1. The protein level of OCT4
decreased after heat shock was also restored by siHSF1,
consistent to its mRNA expression level (Fig. 4C). The
protein level of NANOG decreased after heat shock,
consistent to its mRNA expression level. However, unlike
OCT4, siHSF1 did not rescue the protein level of NANOG,
inconsistent to its mRNA expression level (Fig. 4C). These
data show that the expression of OCT4 was negatively
regulated by HSF1, whereas the expression of SOX2 was
regulated independently of HSF1 and the expression of
NANOG was regulated distinctly from OCT4.
We then examined that HSF1 can regulate the
differentiation-related processes represented by the genes
in C1 and C4 through down-regulation of OCT4. To this end,
we obtained the target genes of OCT4 using the gene
expression profiles previously reported (Wang et al., 2012)
(Table S9; see Materials and methods) and then compared
the genes in C1 and C4 regulated by HSF1 with the target
genes of OCT4 (Table S10). The comparison showed that
significant numbers of the genes in C1 and C4 (P b 1 × 10−8
from Fisher's exact test) are regulated by OCT4 (Fig. 4D).
These data together indicate that HSF1 negatively regulates
the expression of OCT4 under the heat shock condition,
which largely accounts for the heat shock-induced expres-
sion changes of the genes in C1 and C4 (Fig. 3C).Negative regulation of OCT4 by HSF1 is mediated by
SAPK/JNK
We showed above that HSF1 governs transcriptional regula-
tion of the heat shock-affected genes associated with the
differentiation of heat shocked hESCs. Heat shock activates
MAP kinases that act as upstream kinases of HSF1. In various
types of cells, heat shock activates ERK1/2 (Keller et al.,
2008), SAPK/JNK (Adler et al., 1995), and p38 kinases
(Dorion et al., 2002; Rouse et al., 1994), which inducibly
phosphorylate HSF1, leading to the increase of DNA-binding
and transcription activities of HSF1 (Park and Liu, 2000).
However, activation of the MAP kinases by heat shock has
not been demonstrated in ESCs. Thus, we examined what
MAP kinases are mainly expressed and activated by heat
shock in hESCs (Figs. 5A and B). In the absence of heat shock,
ERK1/2 and p38 are moderately expressed in hESCs, but
SAPK/JNK is lowly expressed. After heat shock, the amountsof ERK1/2, SAPK/JNK, and p38 significantly increased.
Phosphorylation of all the three MAP kinases (pERK1/2,
pSAPK/JNK, and pp38) also significantly increased upon heat
shock. Especially, phosphorylation of SAPK/JNK was not
detected in the absence of heat shock, but significantly
increased upon heat shock. These data show that, as in other
cells, all the three MAP kinases are activated in hESCs by
heat shock.
Among the three MAP kinases, we then examined which
MAP kinase has the effect on the amount and activation of
HSF1. To this end, we treated hESCs with MAP kinase
inhibitors after heat shock and then measured the amount
and phosphorylation of HSF1 (Figs. 5C and D). The amount of
HSF1 increased after heat shock decreased by the inhibition
of SAPK/JNK and p38, whereas it rather increased by the
inhibition of ERK1/2 (Fig. 5C). On the other hand, the
phosphorylation of HSF1 increased after heat shock most
significantly decreased by the inhibition of SAPK/JNK
(Fig. 5D; Fig. S6). Taken together, these data indicate that
among the three MAP kinases, SAPK/JNK most significantly
controls both the amount of HSF1 and phosphorylation of
HSF1.
We showed above that the down-regulation of OCT4 by
HSF1 accounts for the differentiation-related gene expres-
sion change in heat shocked hESCs. Thus, among the three
MAP kinases activated by heat shock, we further examined
which MAP kinase has the critical effect on down-regulation
of OCT4 (Figs. 5E and F). The mRNA expression levels of
OCT4 decreased by heat shock were restored most signifi-
cantly by the inhibition of SAPK/JNK, but marginally by the
inhibition of ERK1/2 and p38 (Fig. 5E). Consistently, the
protein level of OCT4 decreased by heat shock was restored
most significantly by the inhibition of SAPK/JNK (Fig. 5F).
The ChIP assay further showed that the binding of HSF1 to
the promoter of OCT4 gene increased after heat shock,
but almost disappeared after the inhibition of SAPK/JNK
(Fig. 5G). Therefore, all these data together indicate that
SAPK/JNK predominantly controls the negative regulation of
OCT4 by HSF1, thereby leading to the differentiation of heat
shocked hESCs and also the differentiation-related gene
expression changes in heat shocked hESCs.Discussion
Heat shock, one of environmental factors, induces HSFs,
leading to induction of HSPs involved in stress responses. In
human and mouse ESCs, HSPs have been reported to be
associated with self-renewal of ESCs by mediating folding and
nuclear delivery of self-renewal-related signaling molecules
(Dasgupta andMomand, 1997; Davies et al., 2002; Galigniana et
al., 2004). However, how heat shock is linked to self-renewal of
stem cells remains still elusive. In this study, we identified the
direct link of heat shock to self-renewal networks through the
negative regulation of a core self-renewal regulator OCT4 by
heat shock-induced HSF1. Differentiation-related gene expres-
sion changes partially shared with those observed during the
differentiation of hESCs into EBs was induced by heat shock.
HSF1 induced by heat shock mainly governs the heat shock-
induced gene expression changes. HSF1 directly bound to the
promoter of OCT4, leading to the repression of the OCT4
expression. Heat shock activated the MAP kinases acting as
1330 K. Byun et al.upstream kinases of HSF1 in hESCs. Among ERK1/2, SAPK/JNK,
and p38, SAPK/JNK pathway mainly controlled the HSF1-
dependent down-regulation of the OCT4 expression in heatshocked hESCs. The negative regulation of the OCT4 expression
of the SAPK/JNK-HSF1 pathway caused hESCs to exit from their
undifferentiated state and then to initiate their differentiation.
Figure 4 HSF1 negatively regulates the expression of OCT4. A. ChIP assays showing binding of HSF1 to the promoters of OCT4,
SOX2, and NANOG genes in hESCs, with or without the treatment of heat shock. Control DNA without (con-DNA) and with heat shock
(HS-DNA); DNA pulled by HSF1 antibody from hESCs without (con-HSF1) and with heat shock (HS-HSF1). B. mRNA levels of OCT4, SOX2,
and NANOG after heat shock for 2 h at 46 °C with (siHSF1/HS) or without HSF1 gene silencing (HS). The levels were measured by
real-time PCR and normalized by those in control hESCs (con). *, P b 0.05; **, P b 0.01 for the comparison between HS and siHSF1/HS.
C. Protein levels of OCT4 and NANOG before (con) and after heat shock (HS) for 2 h at 46 °C. In each condition, they were measured
with silencing of HSF1 (siHSF1 and siHSF1/HS). D. A Venn diagram showing the overlap of the genes in C1 and C4 clusters (Fig. 3C) with
the target genes of OCT4 TFs (Table S10).
1331Heat shock instructs hESCs to exit from the self-enewal program through negative regulationThe direct link of heat shock to a core self-renewal regulator
OCT4 and thus to the networks controlled by the core regulators
has been never demonstrated in either human or mouse ESCs.
We showed that heat shock affects self-renewal of hESCs
through the negative regulation of the OCT4 expression
by HSF1. HSFs are expressed in both undifferentiated and
differentiated cells. They could be also induced and activated
by heat shock in both types of cells. Given these observations,
whether the negative regulation of the OCT4 expression by
HSF1 is unique to differentiated cells is not clear. Thus, we
examined 1) induction of HSFs by heat shock (Fig. S7) and 2)
binding of HSF1 on the promoters of OCT4, SOX2, and NANOG
in human adult fibroblasts (hAFs; Fig. S8). Induction of all HSFs
(HSF1, HSF2, and HSF4) by heat shock was relatively lower in
hAFs (Fig. S7), compared to that in hESCs (Fig. 3A). Further-
more, HSF1 bound only to the promoter of SOX2 in hAFs, butFigure 3 HSF1 governs the heat shock-induced gene expression ch
(con) and after the treatment of heat shock (HS) for 2 h at 46 °C. The
lane) using immunoblot analysis. β-Actin was used as an internal cont
HSF proteins; mean ± SEM. **, P b 0.01. B. Cells stained with anti-HS
hESCs (con), embryoid body 1 day (EB1d), 7 days (EB7d), and 14 days
2 h at 46 °C. The levels were measured using double confocal micro
of the genes showing differential expression after the treatments o
down-regulation in heat shocked and siHSF1-treated hESCs, respectiv
bar, gradient of log2-fold-changes. D. A heat map showing the signifi
genes in C1 and C4. Color bar, gradient of − log10(P) in which P is P-va
C1 and C4, but used the same color gradient.not to the promoters of OCT4 and NANOG (Fig. S8), indicating
that the negative regulation of OCT4 expression by HSF1
cannot be active in the differentiated cells. Thus, these data
together indicate that the HSF1-dependent negative regulation
of OCT4 is unique to undifferentiated cells. On the other hand,
the data on SOX2 in both hESCs and hAFs showed that SOX2
seems to be regulated by a complex transcriptional regulation
involving HSF1 and other TFs. KLF4 is also one of pluripotency
inducing TFs. Interestingly, real-time PCR analysis of KLF4
revealed that the expression of KLF4 increased after heat shock
(Fig. S9), which is opposite to those of OCT4 and NANOG
(Fig. 1C). Heat shock activated HSF1 (Fig. 5D), and the
activated HSF1 was shown to bind to the promoter of KLF4
gene (Fig. 4A). Collectively, these data suggest that HSF1 may
act as a positive regulator of KLF4 expression. However, the
positive regulation of KLF4 expression by HSF1 and its role in theanges. A. The amounts of HSF1, HSF2, and HSF4 proteins before
amounts were measured from whole cell lysates (15 μg protein/
rol for equal protein loading in each lane. Bars, quantification of
F1, HSF2 and HSF4 (green) and DAPI for nuclear marker (blue) in
(EB14d), and after the treatment of heat shock in hESCs (HS) for
scopic image analyses. Scale bar, 50 μm. C. Six clusters (C1–C6)
f heat shock (HS) and siHSF1 (siHSF1). Red and green, up- and
ely, compared to control hESCs. Boxes, individual clusters; color
cance (P-values from DAVID) that the GOBPs are enriched by the
lue obtained from DAVID. We used different colors to distinguish
Figure 5 Negative regulation of OCT4 by HSF1 is mediated by SAPK/JNK. A. The amounts and phosphorylation levels of ERK1/2,
p38, and SAPK/JNK proteins before (con) and after the treatment of heat shock (HS) for 2 h at 46 °C. The amounts and
phosphorylation levels (pERK1/2, pp38, and pSAPK/JNK) were measured from whole cell lysates (15 μg protein/lane) using
immunoblot analysis. β-Actin was used as an internal control for equal protein loading in each lane. B. The levels of ERK1/2, p38,
SAPK/JNK, pERK1/2, pp38, and pSAPK/JNK proteins in hESCs before or after heat shock for 2 h at 46 °C. The levels were measured
using double confocal microscopic image analyses. Blue, DAPI; light blue, target proteins. Scale bar, 50 μm. C–D. Protein (C) and
phosphoprotein (D) levels of HSF1 before and after treatments of U0126 (ERK1/2 inhibitor), SP600125 (SAPK/JNK inhibitor), or
SB239063 (p38 inhibitor) with or without the treatment of heat shock in hESCs. Con, control hESCs; HS, heat shocked hESCs. E. mRNA
expression levels of OCT4 before and after treatments of U0126, SP600125, or SB239063 with or without the treatment of heat shock
in hESCs. F. Protein levels of OCT4 before and after treatments of U0126, SP600125, or SB239063 with or without the treatment of
heat shock in hESCs. G. ChIP assays showing binding of HSF1 to the promoters of OCT4 gene in hESCs before and after the treatment of
SP600125 with or without heat shock.
1332 K. Byun et al.differentiation of hESCs induced by heat shock should be
investigated by detailed functional studies.
Recently, Alekseenko et al. (2012) showed that heat
shock at 45 °C for 30 min induced robust apoptosis in C910
hES cells. This suggests that our findings, such as heat
shock-dependent differentiation of H9 hESCs and decreases
of OCT4 in expression, might be artifacts which resulted
from the apoptosis induced by heat shock. Thus, we
examined whether a stronger heat shock at 46 °C for 2 h in
our study, as well as HSF1 silencing with and without heat
shock, induces apoptosis of hESCs. The results showed that
heat shock induced no significant apoptosis (Fig. S3). On theother hand, silencing of HSF1 with and without heat shock
induced apoptosis, suggesting that HSF1 acts as an anti-
apoptotic protein. Immunocytochemical staining confirmed
these results at the microscopic levels (Fig. S3). Despite the
apoptosis induced by silencing of HSF1, the amount of OCT4
decreased by heat shock was restored by silencing of HSF1
(Fig. 4C). These results indicate that the differentiation of
hESCs and the decrease in OCT4 expression were caused
mainly by heat shock, not by heat shock-induced apoptosis.
HSF1, which negatively regulates OCT4 expression upon
heat shock, has been shown to be important for the
development of extraembryonic lineages (Xiao et al., 1999).
1333Heat shock instructs hESCs to exit from the self-enewal program through negative regulationWe thus examined alteration of mRNA expression levels of 1)
21 genes involved in the trophectoderm development (the
genes with GOBPs of trophectoderm cell fate commitment and
differentiation and trophectodermal cellular morphogenesis)
and 2) 57 genes involved in the endoderm development (the
genes with GOBPs of endoderm formation and development)
by treatments of heat shock and siHSF1 under the heat shock
condition (Table S11). Out of the 21 genes, three and six were
altered in their expression by heat shock and siHSF1, res-
pectively. Among the 57 genes, three and ten were altered in
their expression by heat shock and siHSF1, respectively. These
results revealed that more genes were changed in their
expression by siHSF1 treatment, suggesting potential roles of
HSF1 in the trophectoderm and endoderm, consistent to the
previous finding in Xiao et al. (1999). However, differential
expression patterns of these genes belonged to four different
clusters in Fig. 3C — C1 (2 genes), C2 (7 genes), C3 (3 genes),
and C5 (3 genes), which suggests the complex regulation of
these genes by heat shock and/or HSF1 in association with
trophectoderm and endoderm developments. Therefore,
detailed studies should be carried out to understand a
molecular basis for the link of HSF1 to trophectoderm and
endoderm developments.
In this study, we showed that heat shock affects differenti-
ation of hESCs. Heat shock also affects cell proliferation in
various types of cells. For example, hyperthermic therapy in
human epithelial ovarian cancer reduced tumor size by inducing
apoptosis of tumor cells (Kim et al., 2010). Moreover, heat
shock reduced the proliferation rate of cultured porcine muscle
satellite cells, leading to the reduction of muscle growth
(Kamanga-Sollo et al., 2011). The capability of heat shock in
modulating cell proliferation and differentiation suggests that
heat shock can serve as a useful means to control proliferation
and differentiation of ESCs and various stem cells. However, the
utility of heat shock should be highly dependent on the
knowledge of the mechanisms underlying the effects of heat
shock on cell proliferation and differentiation. Previously,
mechanisms underlying the effects of heat shock on cell
proliferation and differentiation have been suggested based
on HSP-dependent indirect regulation by modulating protein
folding and transport. In this study, we showed the direct
regulation of heat shock on self-renewal networks involving the
negative regulation of the expression of core stem cell
regulators by HSF1. Therefore, the HSF1-dependent direct
regulation, together with HSP-dependent indirect regulation,
provides a fundamental basis for controlling cell differentiation
and proliferation of hESCs in a broad spectrum of applications of
stem cells.
Supplementary data to this article can be found online at
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